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Abstract 13 
Land use, land use change and forestry (LULUCF) have been directly altering climate and it 14 
has been proposed that such changes could mitigate anthropogenic climate warming brought 15 
about by increases in greenhouse gas emissions to the atmosphere. Changes due to LULUCF 16 
alter the Bowen ratio, surface roughness and albedo and so directly change air temperatures. 17 
Previous studies have focused on changes in the area of forestry and have used space-for-time 18 
substitutions to assess the impact of LULUCF. This study considered 18-years of daytime land 19 
surface temperature over an area of actual land use change in comparison to its surrounding 20 
landscape and considered the restoration of a lowland peat bog: satellite land surface 21 
temperature data across 49, one km2 grid squares with 20 on peatland and 29 on surrounding 22 
agricultural land on mineral soils from 2000 to 2017. The peatland squares were, until 2004, 23 
                                                          
11 Corresponding author. Tel. no. +44 (0)191 334 2295; Fred.Worrall@durham.ac.uk,  
 2 
 
dug for horticultural peat and after 2004 were restored with revegetation of bare soil and 24 
restoration of natural water tables. Over the eighteen years, the average annual daytime land 25 
surface temperature (LST) significantly decreased for 6 grid squares, 5 of which were on the 26 
restored peatland where LST decreased by 2 K. In 2000, before restoration, the peatland was 27 
0.7 K warmer than the surrounding agricultural land on mineral soils but by 2016 was 0.5 K 28 
cooler. This study has shown that anthropogenic land use change could cool a landscape and 29 
that functioning peatlands could act as cool, humid islands within a landscape. 30 
 31 
Keywords: MODIS, Bowen ratio, evaporation, water tables, albedo. 32 
 33 
1. Introduction  34 
Peatlands have long been thought of altering climate via their potential to sequester and store 35 
atmospheric carbon. Although peatlands cover approximately 3% of the Earth’s terrestrial 36 
surface (Rydin and Jeghum, 2013), they are known to store as much carbon (500 ±100 Gt - 37 
Gorham, 1991; Yu et al, 2014; Loisel et al., 2014) as the entire terrestrial biosphere (IPCC, 38 
2013). Unlike many other terrestrial environments, the potential continuing growth of peat soils 39 
means that they can act as ongoing sinks of atmospheric carbon (Gorham, 1991) and so help 40 
moderate ongoing anthropogenic climate change. Therefore, there has been considerable 41 
attention to measure the carbon budgets of peatlands (e.g. Worrall et al., 2003, Billett et al., 42 
2004, Roulet et al., 2007, Nilsson et al., 2008), and, more specifically, the greenhouse gas 43 
budgets of peatlands (Worrall et al., 2012). The potential for additional greenhouse gas 44 
drawdown from the atmosphere means that research has also focused upon the potential to 45 
enhance or restore peatlands to ensure that they will act as greenhouse gas sinks (e.g. Rowson 46 
et al., 2010; Clay et al., 2010; Herbst et al., 2013). Through their role as greenhouse gas sinks, 47 
peatlands have been seen as offering the key ecosystem service of climate mitigation (Reed et 48 
 3 
 
al., 2013). However, rather than just contributing to climate mitigation through acting as a 49 
greenhouse gas sinks peatlands could also modify the climate we experience at the Earth’s 50 
surface. By modifying the way in which the surface energy budget is partitioned the peatland 51 
could change the local climate and we would hypothesize that, compared to many ecosystems, 52 
peatlands are cool humid islands. Feddema et al. (2005) have suggested that land use and land 53 
cover changes could induce temperature changes greater in magnitude, and potentially of 54 
opposite sign, to those due to greenhouse gas forcing. Indeed, Betts et al. (2007) have modelled 55 
the impact of land use change in the industrial period (deforestation since 1750) and showed 56 
that northern mid-latitudes are 1-2 oC cooler in winter and spring compared to their pre-57 
industrial state solely due to the land use change. 58 
Bonan (2008) proposed that land cover inﬂuences surface climate through radiative (i.e. 59 
albedo) and non-radiative (i.e. surface roughness and Bowen ratio) biophysical surface 60 
properties, although these properties are not necessarily independent of each other (Rigden and 61 
Li, 2017) The energy budget of an ecosystem can be considered as: 62 
 63 
Rn = H + G + E + P + e  (i) 64 
 65 
where: Rn = net radiation (Wm
-2); H – sensible heat flux (Wm-2); G = soil heat flux (Wm-2); 66 
E – latent, or evaporative, heat flux (Wm-2) where  is the heat of vapourisation (2260 kJ kg-67 
1); P = primary production (Wm-2); and e = residual error. The term due to primary production 68 
(P) is generally not considered and even for peatlands with their net organic matter 69 
accumulation is negligible when compared to the other surface energy flux terms (Worrall et 70 
al., 2015). The balance between evaporation and sensible heat fluxes is commonly expressed 71 













 (iii) 74 
 75 
Change in albedo (as the balance of short wave reflectivity) represents a change in the 76 
net radiation and alters the net solar radiation, here defined as the fraction of the solar radiation 77 
reflected by the surface (Allen et al., 1998). The available energy at the surface, which is 78 
equivalent to the net solar radiation, can be partitioned in several ways; the balance of these 79 
means that in some environments the net radiation will result in a greater proportion of sensible 80 
heat flux compared to the other fluxes and in turn that will lead to greater warming of the air 81 
in that environment. The partitioning of energy between H, G and E is strongly influenced by 82 
the nature of the ecosystem, eg. wetness such as a water table close to the surface, or vegetation 83 
type controlling rooting depth and surface roughness.  84 
The overwhelming majority of research that has been conducted on the impact of land 85 
use on biogeophysical properties, as impacting surface temperature, has considered the impact 86 
of forests compared to open land (typically thought of as arable or grassland – Muñoz et al., 87 
2010, Rautiainen et al., 2011, Chen and Dirmeyer, 2016) but few studies of peatland (see 88 
review in Luyssaert et al., 2014). Non-forested land tends to have a higher albedo than forested 89 
land (Betts and Ball, 1997) but lower surface roughness (Rotenberg and Yakir, 2010). The 90 
deeper rooting structures of trees mean a greater availability of water and a greater consumption 91 
of incoming energy as latent heat flux (i.e. higher Bowen ratio - Juang et al., 2007). The balance 92 
of processes that alter the air temperature can be different between different latitudes (Lee et 93 
al., 2011) even for the same ecosystem: for example, Shultz et al. (2016) have shown that 94 
deforestation in the Tropics leads to strong daytime warming because of the dominance of the 95 
evaporative cooling effect and a change in Bowen ratio, while in the Boreal region 96 
deforestation leads to a cooling effect as changes in albedo dominate. Some studies have 97 
considered land use change other than forestry (eg. Georgescu et al., 2011) There has been less 98 
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consideration of land management as opposed to land use and land use change; the exception 99 
has been studies of irrigated cropland which can increase the Bowen ratio and cool surface 100 
temperatures over open land compared to forests (Adegoke et al., 2003; Kueppers et al., 2007). 101 
Luyssaert et al. (2014) have suggested that the impacts of land management could be equal to 102 
those due to land cover change: however, none of these studies cited were for peatlands. Hemes 103 
et al. (2018) have considered energy budgets between wetlands and drained agricultural land 104 
on the Sacramento delta in California and showed that air temperatures on the wetlands were 105 
lower than on the drained agricultural land. 106 
Peatlands are by their nature wetter than many other landscapes and so the availability 107 
of water is higher. It might therefore be expected that peatlands would be able to partition 108 
energy into a latent heat flux in greater proportion than for most other environments. For a New 109 
Zealand peat bog, Campbell and Williamson (1997) measured Bowen ratios over a six-month 110 
period at a 20-minute frequency of between 2 and 5, and so dominated by sensible heat flux. 111 
Conversely, Admiral et al. (2006) measured Bowen ratios over an Ontario bog and found 112 
values were typically below 1, and therefore. dominated by evaporation (E), similar to a 113 
Swedish Sphagnum mire (Kellner, 2001). Worrall et al. (2015) examined a 19-year long dataset 114 
for a UK blanket bog and found the median Bowen ratio was 0.11 with an inter-quartile range 115 
of -0.74 to 1.27. The seasonal cycle in the Bowen ratio peaked in May and June with median 116 
values of the Bowen ratio greater than 1 showing dominance of sensible heat flux. For 117 
November through to March, the median monthly Bowen ratio was negative representing the 118 
times of sensible heat sink often observed for snow or frozen ground (e.g. Yao et al., 2011). 119 
Rohli et al. (2004) found the Bowen ratio of Lake Erie was typically between 0.15 and 0.3 120 
although negative values could be measured, the open lake was dominated by evaporative 121 
losses and even acted as a sensible heat sink. Conversely, for an arid grassland of the Chinese 122 
loess, Ping et al. (2018) found an annual mean value of 1.32. Therefore, we would propose that 123 
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a functioning peatland, with its relatively shallow water tables, would have a relatively low 124 
Bowen ratio compared to other land uses and that a low Bowen ratio means that comparatively 125 
less energy is partitioned to sensible heat and so leading to lower air temperatures. Therefore, 126 
we propose that a functioning peatland will produce cooler air than many other ecosystems, 127 
including croplands. Here, we consider a functioning peatland to be one in which there is 128 
sufficient vegetation and the water table sufficiently high to enable ongoing organic matter 129 
accumulation. 130 
Many peatlands are managed, or indeed damaged. and the management of the peatlands 131 
(e.g. drainage – Rowson et al., 2010) can lead to reduction in the magnitude of the carbon sink 132 
(e.g. Tiemeyer et al., 2016) or lead to the peatland becoming a net source of carbon to the 133 
atmosphere (e.g. Clay et al., 2010). Management provides an opportunity as its means that 134 
there is a human intervention that could be altered.  A change in management could enhance 135 
the storage of greenhouse gases even if the intervention may not lead to the peatland reverting 136 
to a net greenhouse gas sink. The potential is that not only could intervention lead to benefits 137 
for climate mitigation through changes in greenhouse gas flux but also by changing energy 138 
partitioning. Worrall et al. (2015) found that for an upland blanket peatland in the UK, the 139 
sensible heat flux rose with deeper water tables and decreased as the air temperature rose while 140 
the latent heat flux increased with shallower water tables and as air temperature rose. Therefore, 141 
restoration of water tables may lead to a change in partitioning of energy leading to a lower 142 
sensible heat flux and to cooler air temperatures. Luyssaert et al. (2014) reviewed 30 studies of 143 
the biogeophysical effects due to land management changes; all but one did not consider the entire 144 
energy budget and 4 considered peatlands, only one of which considered change in air temperature, 145 
but even that particular study (Venalainen et al., 1999) did not actually measure change but rather 146 
performed a modelling study.  147 
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Therefore, we propose that peatlands, by virtue of their high-standing water tables, will 148 
be relatively cool “islands” in a landscape and that, therefore, restoration of a peatland would 149 
bring about a local cooling of air temperatures. Further, we propose that peatland restoration 150 
not only provides for the ecosystem service of climate mitigation but also acts directly to 151 
modify the local climate. 152 
 153 
2. Approach & Methodology 154 
The study considered the change in land surface temperature across England’s largest lowland 155 
peat complex: Thorne and Hatfield Moors (NB. – by local tradition the sites are referred to in 156 
the plural - Figure 1) in comparison to the land surface temperatures of the surrounding 157 
farmland on mineral soils. Thorne and Hatfield Moors were chosen because they are not only 158 
the largest area of lowland peat in England but because they are also in an area of flat land 159 
where topographic effects on temperature will be minimised. The approach used land surface 160 
temperatures as derived from the MODIS TERRA satellite over the period before and after 161 
restoration of the Moors. 162 
 163 
2.1. Study site 164 
Thorne and Hatfield Moors are a 33 km2 peatland which formed as a raised bog, but the original 165 
areal extent was greatly diminished by successive phases of drainage after 1630. Bronze Age 166 
wooden artefacts at the base of the peat have been dated to 3580 ± 108 Calendar years BP 167 
(Shotton and Williams, 1983). Parsons (1878) recorded peat depths up to 6.1m on Thorne 168 
Moors, implying that the long-term accumulation rate would be of the order of 1.7 mm/yr. 169 
However, the discovery of a Neolithic trackway on Hatfield Moor dated to 4500 to 4900 170 
Calendar years BP (Chapman and Geary, 2013) would imply an earlier onset of peat formation 171 
and a slower average accumulation rate. Since the 1870s the remaining bog area has been 172 
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exploited, largely for horticultural uses, until 2004 when the area in its then condition came 173 
under Natural England’s control – the UK government’s nature conservation agency in 174 
England – and restoration started. At the time of the purchase, peat depths across the site were 175 
generally thought to be 0.5 m although some areas remained deeper. Two peat cores of 1 m 176 
from Thorne Moor were characterised and included in the study of Clay and Worrall (2015). 177 
Restoration of the area began in 2004 with the blocking of the drains and the raising of 178 
the water tables. A second phase of restoration started in 2013 which particularly focused upon 179 
scrub removal.  180 
 181 
2.2. Land surface temperature (LST) 182 
This study uses the MODIS product TERRA Land Surface Temperature 8-day average Global 183 
1 km Grid data (MOD11-C2). Full technical details are available online and so will not be 184 
covered here (NASA Land Processes Distributed Active Archive Center, 2009). MODIS 185 
satellite measures infra-red emissions bands with a pixel size of 1 km2 and for ambient land 186 
surface temperatures the wavelengths used are in the region 10 – 12 m (Bands 31 and 32 - 187 
Petitcolin and Vermote, 2002). Radiative temperature of the Earth surface must be corrected 188 
for atmopheric effects and the emissivity of that surface, Within this study as land use changes 189 
occur with peatland restoration then emissivity of the surface could be expected to change  and 190 
any change in  the MODIS LST product uses split window algorithms and techniques (Wan 191 
and Dozier, 1996) that correct for atmospheric effects (including absorption and emission) and 192 
surface emissivity (inferred from MODIS land-cover calculations) by utilising the other bands 193 
bands from the 36 available on the MODIS sensor. The MODIS LST split-window algolrithm 194 
has been tested using a range of the available infra-red bands (Petitcolin and Vermote, 2002; 195 
Wan et al., 2002, 2004; Coll et al., 2005, 2009; Wan, 2014), but also found to be linearly related 196 
to actual air temperatures experienced at land surface (eg. Bosilovich, 2006; Tomlinson et al., 197 
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2012; Xu et al., 2011). The daily measurements, to reduce issues of missing data due to cloudy 198 
days, are summarised over 8-day periods. The use of 8-day periods means that consistent 199 
records between years is achieved and it is this record of 8-day averages that was used in this 200 
study. 201 
 202 
2.3. Albedo () 203 
To aid in the understanding of the change in the energy balance at the surface over the study 204 
area albedo data from the MODIS dataset were examined. No direct albedo product exists from 205 
the MODIS satellite. The visible band reflectance MCD43A3 product was used and extracted 206 
for each of the MODIS grid squares used in the study. Only the data for the first complete year 207 
and last complete years of the data were chosen as means of directly comparing a before and 208 
after restoration. Many studies have considered the calibration of albedo and MODIS products 209 
(eg. Liang et al., 2002; Wang et al., 2014) no direct calibration was available for this type of 210 
land use or data. Therefore, to understand the change in reflectance (taken as a measure of 211 
albedo) the relative change between the peat and arable grid squares was considered. 212 
 213 
2.4. Experimental design 214 
In total 49, 1 km2 grid squares were selected within the experimental design (Figure 2). Of the 215 
49 grid squares, 20 were within the area of the Moors and selected so that the entire 1 km2 of 216 
the grid was on peat soil and within the boundary of the either Thorne or Hatfield Moors - these 217 
are henceforward referred to as peat squares. Peat soil was defined from the HOST 218 
classification of soils (Boorman et al., 1995). The remaining grid squares being considered 219 
were chosen to be within the arable farmland around the Moors and are henceforward referred 220 
to as non-peat squares. The non-peat squares outside the Moors were chosen to be entirely 221 
separate from either Thorne or Hatfield Moors and this meant they were all at least 1 km from 222 
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the edge of the Moors. Non-peat squares were chosen on the north, south, east and west sides 223 
of both Thorne and Hatfield Moors with the caveat that the non-peat squares did not contain 224 
the surrounding villages (most notably the villages of Thorne and Moorends) or the higher 225 
ground around the village of Crowle where the land rises above 10 m above sea level. On the 226 
north side of Hatfield Moors there are no 1 km2 grid squares of only farmland. To the north 227 
and east of Thorne Moors, it was possible to extend the non-peat squares a further 2 km north 228 
and 7 km east of the peat squares; this was done so that it was possible to test whether any 229 
effect increased with distance away from the Moors. As noted above, much of the farmland 230 
surrounding the Moors may have once been raised bog and was drained for agricultural use; 231 
these areas have subsequently been “warped”. Warping of soils is a deliberate flooding of land 232 
to lay down a layer of alluvium and in this way the local peat soils, and other low-lying soils, 233 
were covered to produce 50 to 60 cm of fine silt soils (Gount, 1976). Therefore, the areas 234 
outside of the Moors that were once active peat no longer have any of the surface characteristics 235 
of peat. 236 
 For each of the sampled grid squares the 8-day MODIS LST temperature was examined 237 
from 2000 to 2017 and the 8-day data were examined using analysis of variance (ANOVA). 238 
The first ANOVA examined four factors and was focused on question of whether there was a 239 
change in the LST due to the restoration of the peatlands; this was a four-factor ANOVA. The 240 
first factor was the difference between years (henceforward called Year); this factor had 18 241 
levels one for each calendar year between 2000 and 2017. The second factor was the difference 242 
between 8-day periods (henceforward referred to as Day); this factor has 49 levels, one for each 243 
8-day period in a calendar year and by using an 8-day period there is a consistency in recording 244 
between calendar years. The third factor was the difference between peat and non-peat squares 245 
(henceforward referred to as Peat) which had two levels between the grid squares within the 246 
Moors and those on the surrounding arable farmland on mineral soils. The final factor was the 247 
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difference between the two moors (Thorne and Hatfield) and is henceforward referred to the 248 
Moor factor. The design had sufficient observations such that both two-way and three-way 249 
interactions between factors could be estimated. The term of interest in this ANOVA is the 250 
interaction between the Peat and Year factors. The interaction can be interpreted as the question 251 
of whether the difference between peat and non-peat squares change over the course of the 252 
study with the progress of restoration? 253 
A second ANOVA was performed to examine the response at each of the squares over 254 
the course of the study period. It is again a four-factor ANOVA but in this case, rather than the 255 
Peat factor with two levels (peat and non-peat squares), a Squares factor was considered which 256 
had 49 levels, one for each of the squares for which LST was collected regardless of whether 257 
they were peat or non-peat squares. The other factors were as for the first ANOVA, that is Day, 258 
Year and Moor. To understand the response on each of the squares, it was the three-way 259 
interaction between Square, Moor and Year factors that needed to be estimated to give the 260 
least-square mean for each square over the time of the study. 261 
As a final test of the temperature change for the study sites within the study period the 262 
LST were re-analysed but including an additional factor. The additional factor was restoration 263 
status (henceforward referred to as Restoration) with two levels – pre- and post-restoration. 264 
The pre-restoration period was 2000 to 2003 and the post-restoration period 2005 to 2017. The 265 
year 2004 was excluded as this was the year of the restoration works. Because there are only 266 
certain years in the pre- and post-restoration periods the Year was nested within the restoration 267 
factor.  268 
Albedo () data was analysed in the same manner as the LST data with four factors, 269 
Year, Peat, and Moor factors as above. In the case of the Year factor there were only two levels 270 
– 2001 and 2017. The fourth factor is henceforward referred to as Month and is the albedo data 271 
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summarised to each month of the year – this factor had twelve levels one for each calendar 272 
month.      273 
Before any ANOVA was performed, the data were Box-Cox transformed to remove 274 
outliers and tested for normality using the Anderson-Darling test (Anderson and Darling, 1952) 275 
– it did not prove necessary to transform the data for any of the metrics in this study.  The 276 
homogeneity of the variance was tested using the Levene test. The magnitude of the effects of 277 
each significant factor and interaction was calculated using the generalised ω2 (Olejnik and 278 
Algina, 2003) and values were presented as least-square means (otherwise known as marginal 279 
means). Post hoc assessment of factors and interactions was carried out using the Tukey test. 280 
Power analysis was used post hoc to estimate the achieved power within the dataset. The power 281 
analysis was performed using the G*Power 3.1 software (Faul et al., 2007; 282 
http://gpower.hhu.de/) - a priori the acceptable power was set at 0.8 (a false negative 283 
probability  = 0.2). 284 
Even using the 8-day MODIS LST data, there are missing values. If it is assumed that 285 
the missing data represent the distribution of cloud over the Moors and surrounding area then 286 
it is possible assess whether this changes over time for the same factors as considered for LST.  287 
An initial Chi-squared test of the frequency of cloud cover across the chosen grid squares had 288 
suggested an exploration was worthwhile. So we analysed the proportion of missing data in each 289 
year (there should be 49 values in each year for each grid square) using binomial regression 290 
with three factors. The factors were the same as for the first ANOVA above except that Date 291 
could not be included as it was the proportion of missing data over a year that was used.   292 
 293 
2.5. Additional data 294 
The restoration of the Moors was based upon the restoration of water tables, revegetation of 295 
bare soil and later the removal of scrub; therefore, monitoring of restoration focused upon these 296 
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aspects of the habitats and characteristics of the Moors. Monitoring of bare soil, open water 297 
and scrub cover took place in 2002, 2013 and 2016. In 2002 and 2016 more detailed vegetation 298 
surveys were conducted by ground-truthing aerial images. These more detailed surveys meant 299 
that it was possible to assess the area of: woodland, bare peat, open water, scrub (here defined 300 
as areas of vegetation between 0.5 and 3 m in height), grasses, sedges, heather, bracken and 301 
the area of non-peat soils.  302 
Water table monitoring was initiated at the outset of restoration but increase in area of 303 
open water meant that initial monitoring points were lost. As part of the second phase of 304 
restoration, water table monitoring was re-initiated in 2013. Over the Thorne and Hatfield 305 
Moors, 81 dip wells were sited with 48 on Thorne Moors and 33 on Hatfield Moors and the 306 
depth to the water table was measured every month from 2014 to 2017 for 26 dipwells and for 307 
2017 for the remaining dipwells. Analysis of variance was used to assess the impact of three 308 
factors on the depth to the water table: firstly, the Moor factor as above defined above; 309 
secondly, the difference between years (henceforward referred to as the Year factor) with 4 310 
levels one for each year between 2014 and 2017 inclusive; and, thirdly, the difference between 311 
months of water table measurement with 12 levels and henceforth referred to as the Month 312 
factor. Prior to analysis, values beyond three standard deviations of the mean were excluded as 313 
outlying values to improve dataset distribution This approach was different to the other 314 
ANOVA as Box-Cox transformation cannot be performed on negative values and for the Moors 315 
water tables above and below the surface were recorded. As above, the magnitude of the effects 316 
of each significant factor and interaction was calculated using the generalised ω2 (Olejnik and 317 
Algina, 2003), and values are presented as least-square means. Post hoc assessment of factors 318 
and interactions was again carried out using the Tukey test.  319 
 320 
2.6. Calibration 321 
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A limitation of this study is that LST as viewed by the MODIS data is not directly a measure 322 
of air temperature at the height that humans would experience. A number of studies have 323 
considered the calibration of MODIS LST data and air temperature. Tomlinson et al. (2012) 324 
considered LST from the MODIS AQUA for night-time temperatures in comparison to 325 
measured air temperature over the city of Birmingham and found significant positive 326 
correlations between MODIS LST and measured air temperatures but did not test between the 327 
correlations and so it is not possible to judge to what extent one linear relationship is reasonable 328 
between stations. Similarly, Xu et al. (2011) demonstrated significant linear relationships 329 
between day-time MODIS LST data and observed air temperatures for four different land uses 330 
(urban, water, forest and cropland) but their results do not demonstrate whether there are 331 
significant differences between land uses or that the gradients of the relationships are 332 
significantly different from unity. Therefore, to calibrate the measurement of LST this study 333 
compared the observed LST to air temperatures measured for the study site. As part of ongoing 334 
research in to the greenhouse gas budgets of the field site air temperature at breast height 335 
(approx. 1.3 m) has been measured at two locations that correspond with the 1 km2 grid squares 336 
observed for LST. One location was in the approximate centre of the peatland (in a peat square) 337 
and the other was in the arable land (a non-peat square) on the north west side of the peatland. 338 
The air temperatures were recorded on a tiny tag 2 plus logger (Gemini data loggers, 339 
Chichester, West Sussex, UK) programmed to record air temperature every hour from 1st 340 
February 2018 to 26th September 2018. The air temperature measurement at 11 am for both 341 
sites was compared to MODIS LST observation for that 1 km2 grid square.  342 
 343 
3. Results 344 
The statistical analysis does show that there was a significant decline in the land surface 345 
temperature (LST) of the peatlands relative to surrounding agricultural land. 346 
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Over the study period it should have been possible to consider 40082, 8-day LST 347 
measurements in total over the 49 grid squares being examined. In total there were 35663 348 
datapoints with 4418 occasions when no 8-day LST were recorded, an average 90 8-day LST 349 
measurements missing per grid square or 11.1% missing data. The proportion of lost data is 350 
discussed further below. The power analysis showed that the achieved power (1 - ) was 1.00 351 
giving a false negative rate of zero, i.e. despite only two levels to some factors in the ANOVA, 352 
the overall sample size of the dataset was more than sufficient. 353 
 354 
3.1. ANOVA of LST  355 
The Anderson-Darling test showed that the 8-day LST was normally distributed and the data 356 
were not transformed. Furthermore, Box-Cox transformation and the size of the dataset meant 357 
that no data were removed. 358 
 The ANOVA explained 80.1% of the variance in the dataset and all the factors and 359 
interactions considered were found to be significant at a probability of at least 95% (Table 1). 360 
By far the most important factor was the difference between days with the coldest day of the 361 
year being day 1 (1st January, 2.8 ± 0.2 oC) and the warmest was day 209 (28th July, 23.8 ± 0.4 362 
oC). The second most important factor was Year but there was no significant trend over the 363 
whole period showing that there was no general warming; the warmest year was 2011 (15.3 ± 364 
0.2 oC) and the coldest 2001 (12.7 ± 0.2 oC). Thirdly, the difference between the Moors with 365 
Hatfield Moors (14.05 ± 0.06 oC) being significantly warmer than Thorne Moors (13.49 ± 0.05 366 
oC). Finally, there was a significant difference due to the Peat factor with peat squares (13.68 367 
± 0.05 oC) warmer than non-peat squares (13.85 ± 0.05 oC). This latter effect must only be 368 
considered in the light of the significant interactions terms. 369 
In relation to the aims of this study, it is the interaction terms that more directly answer 370 
the questions set i.e. the change in the difference in the LST between the peat and non-peat 371 
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squares over the time before and after restoration. The interaction between the Peat and Year 372 
factors demonstrates the change in daytime LST of the peatlands relative to the arable over 373 
period of the study (Figure 3). The post hoc analysis of the Peat-Year factor interaction shows 374 
that, in three out of the five years of the data available before 2005, the peat squares were 375 
significantly warmer than the surrounding non-peat squares. In 2000, the annual average LST 376 
on peat squares was 15.0 ± 0.1 oC compared to 14.3 ± 0.1 oC on the non-peat squares. Over the 377 
subsequent 13 years, peat squares never had a higher annual mean LST than non-peat squares, 378 
and indeed in 2016 the peat squares were significantly cooler than the surrounding non-peat 379 
squares, with an average on peat squares of 13.3 ± 0.1 oC compared to 13.8 ± 0.1 oC on non-380 
peat squares. There was no significant trend in the annual average LST values for either the 381 
peat or non-peat squares. The significance and time course of the Peat-Year factor in part 382 
demonstrates the study hypothesis. The study has proposed that peatland restoration has acted 383 
to modify local climate and acted to cool the local climate. However, the study had proposed 384 
that functioning peatlands would be a cool “island” in a landscape and the time course of the 385 
Peat-Year factor shows a cooling but only in one year, all be at the end of the study, was the 386 
peatland actually significantly cooler than the surrounding non-peat landscape. 387 
The difference between the peat and the non-peat squares is significantly different 388 
between the two levels of the Peat factor is considered for each of the Moors. For Hatfield 389 
Moors the peat squares were warmer than the non-peat squares in five years, all the years up 390 
to and including 2005: the largest difference was in the year 2000 with the peat squares on 391 
Hatfield Moors being on average 0.65 K warmer than non-peat squares. Conversely, for 392 
Hatfield Moors there were five years where the peat squares were significantly cooler than the 393 
non-peat areas starting in 2008. The largest difference for when peat squares were cooler than 394 
non-peat squares was in 2013 with peat squares being 0.69 K cooler than the non-peat squares. 395 
Taking the least-square means for the peat squares on Hatfield Moors, there was a significant 396 
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linear decline over the 18 years of the study (r2 = 0.16, n = 18, P = 0.05) giving an average 397 
annual decline in LST for the peat squares on Hatfield Moors as 0.1 ± 0.05 K/yr, but there was 398 
no equivalent significant trend for the non-peat squares. The difference between the Moors 399 
maybe due to fact that prior to restoration Hatfield Moors was the area of more active peat 400 
extraction compared to Thorne Moors. 401 
On Thorne Moors the peat squares were warmer than the non-peat squares on nine 402 
occasions with the most recent being in 2015 and the largest difference being 0.79 K in 2002. 403 
There were no years for the Thorne Moors when the peat squares were significantly cooler than 404 
the non-peat squares, but for 2016 the peat squares were cooler than the non-peat squares. 405 
There were no significant trends in the LST for either the peat or non-peat squares on Thorne 406 
Moors. There was no significant three-way interaction between Peat, Year and Day factors and 407 
so it was not possible to consider when or if over the year the difference occurred.  408 
 The ANOVA was repeated using the Squares factor instead of the Peat factor and there 409 
was a significant three-way interaction between the Squares, Moor and Year factors. Of the 49 410 
squares that could be examined, only 6 showed a significant trend in their least-square means 411 
over the 18 years of the study. All 6 significant trends were significant declines and 5 out of 412 
the 6 were observed for peat squares; only 1 significant decreasing trend was observed for a 413 
non-peat square (expressed as the average change since 2000 - Figure 4). The magnitude of the 414 
significant trends varied from -0.07 K/yr to -0.11 K/yr or up to -2.4 K when expressed as the 415 
average change over 18 years of the study. The largest magnitude of the trends that was not 416 
significant at a 95% probability was -0.06 K/yr (i.e. 1.1 K over the 18 years of the study) and 417 
this can be taken as detection limit for this analysis. Alternatively, and considering the trend 418 
for all squares, one non-peat square did show a slight rise in LST over the 18 years of the study 419 
but at rate of 0.0002 K/yr which was not significant. The spatial distribution of the trends across 420 
the studied squares shows that four squares with significant trends in LST were on Hatfield 421 
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Moors and two were on Thorne Moors; it is interesting to note that the squares with significant 422 
change in LST are on the north-east side of the Moors or adjacent to the north-east side of the 423 
Moors and that the greatest changes were on the peat squares rather than on the non-peat 424 
squares. The prevailing wind direction in the UK is from the south west to north east, i.e. air 425 
would normally move across the Moors from south west to north east and so any cooling effect 426 
would be most pronounced downwind. Furthermore, the settlements of Thorne and Moorends 427 
are on the south-west side of the Moors and so it could be that warm air coming off these 428 
“urban” areas is cooled across the Moors and exported downwind to the north east. However, 429 
these settlements are probably too small to generate an urban heat island effect. In terms of the 430 
studies underlying hypothesis then we might have expected all the peat grid squares to show a 431 
significant decline in LST whereas what was observed was that 5 out of the 20 peat squares 432 
showed a significant decline in LST. 433 
 The ANOVA including the Restoration factor showed that for Thorne Moors the LST 434 
decreased by 0.7 K between the pre- and post-restoration and for Hatfield Moors the LST 435 
change was a decrease of 1.4 K while compared to the arable the peat squares were 0.3 K cooler 436 
in the post-restoration period. Comparing the annual cycle (Day factor) for the Peat factor with 437 
respect to Restoration factor shows how the LST between the different land type over the year 438 
has varied (Figure 5). Pre-restoration, on 37 out of 46 days the peat squares were warmer than 439 
non-peat squares and the greatest difference was with the peat squares 3.3 K warmer than the 440 
non-peat squares. Post-restoration, there were 23 out of 46 days when the peat squares were 441 
warmer than the non-peat squares and the greatest difference was with peat squares was 1.8 K. 442 
Both Pre-restoration and post-restoration, the peat squares were never more than 1 K colder 443 
than the non-peat squares. Of course, restoration of peatlands is progressive and so the largest 444 
temperature difference would be expected with time after the restoration, as shown in Figure 445 
3. However, this comparison in Figure 6 shows that post-restoration there are still times when 446 
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peat squares are warmer than the surrounding land but this period decreases in time and 447 
magnitude after restoration. 448 
 UKCP2009 (United Kingdom Climate Programme 2009 scenarios - Murphy et al., 449 
2009) showed that the annual average daily temperature (not the daytime temperature as 450 
considered from the MODIS data and an assessment not based upon MODIS observations) for 451 
the Yorkshire and Humber region warmed by 1.5 K between 1961 and 2006 and predicts a 452 
warming of 3.1 K by the 2080s. That is, the estimated change in air temperature for the region 453 
is an increase yet a significant decrease has been observed for the many of the peat squares in 454 
this dataset. 455 
 456 
3.2. Albedo () 457 
The Anderson-Darling test suggested data should be log-transformed prior to analysis. Over 458 
the annual cycle, comparing 2001 (pre-restoration) with 2017 (post-restoration), it is possible 459 
to see that there is no significant difference at the 95% probability between these two years 460 
(Figure 6). In 2001, 2 out of 12 months (April and August) were significantly greater than 1, 461 
i.e. in just two months the albedo of the peat squares was significantly lower than the non-peat 462 
squares. However, in 2017, 7 out of 12 months were significantly different from 1 and given 463 
we have assumed constant land use across the study period for the non-peat squares the albedo 464 
of the peat squares must have decreased between 2001 and 2017. 465 
 466 
3.3.  Cloud cover 467 
A simple Chi-squared test based upon the frequency of missing 8-day periods in the LST data 468 
suggested a significant difference between peat and non-peat squares, implying that there was 469 
significantly less cloud cover over the peat squares than non-peat squares. However, the more 470 
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detailed analysis possible with the binomial regression allowing for a range of factors showed 471 
that there was no significant difference between peat and non-peat squares on its own or due 472 
to any of its interactions. The most important significant factor was the Moor factor, i.e. there 473 
was a significant difference between Thorne and Hatfield Moors, with Hatfield Moors having 474 
a lower proportion of missing data, i.e. more cloud-free days than Thorne Moors.  475 
 476 
3.4.  Habitat change 477 
The 2016 survey showed that of the 33.5 km2, the measured habitats were: woodland (11%), 478 
bare peat (9%), open water (11%), scrub (11%), grasses (4%), sedge (10%), heather (14%), 479 
bracken (25%); non-peat soils (2%); and non-soil areas (3%) Examining the changes in the key 480 
management interventions shows that perhaps the imagined changes may not be as 481 
unidirectional as expected (Figure 7). The area of bare peat has decreased overall, although it 482 
rose from 2013 to 2017 – an overall change of 11.7 km2 but a rise of 0.6 km2 since 2013. The 483 
area of open water rose from 2002 to 2013, then fell to 2017 – an overall increase of 2.3 km2 484 
with a decline of 2.4 km2 since 2013. The increase in area of open water could be due to raising 485 
of water tables after restoration. However, given the shallow nature of the open water on the 486 
Moors (typically 50 cm deep at maximum), the area of open water could alter radically 487 
depending upon the time of year or the antecedent weather conditions prior to any survey. The 488 
survey was over the summer in 2002 while in 2013 and 2016 the surveys were in early spring 489 
(February and March), i.e. the initial survey was at time when one might expect low water 490 
tables and so a lower area of open water in the shallow cells/pools that exist on the Moors 491 
compared to what be naturally expected in early spring. The area of scrub has increased over 492 
the course of the study period – an overall increase of 2.2 km2 with an increase of 0.1 km2 since 493 
2013 – although this net change may mask the nature of the detailed change with increase in 494 
young birch scrub and decrease in more mature, taller birch and rhododendron. These habitat 495 
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surveys show that since restoration bare soil has declined from 44% of the area of the Moors 496 
to just 9% - a 79% decline; equally, open water has risen from covering 4.4% of the Moors to 497 
11.1% of the Moors in 2017. The changes seen over the period of the study are consistent with 498 
restoration of a peatland with higher water tables and more complete vegetation cover. 499 
 500 
3.5.  Depth to water table 501 
Of the 1783 measurements of water table depth, 18 were removed as being more than three 502 
standard deviations away from the mean (approximately 1.0%). All three factors included in 503 
the ANOVA were found to be significant (R2 10.17%). The most important factor was Moors 504 
(the difference between Thorne and Hatfield Moors) with Thorne Moors having significantly 505 
higher (closer to the surface) water tables, with a least-square mean of -0.063 ± 0.008 m 506 
compared to -0.192 ± 0.009 m on Hatfield Moors (the error is given as the standard error). Of 507 
the 15 dipwells on Thorne Moors that had complete datasets between 2014 and 2017, 8 had 508 
least-square mean water tables above the surface; on Hatfield Moors, 2 out of 11 dipwells had 509 
water tables above the surface, The second most important factor was Month with water tables 510 
in February and March closest to the surface, after which water tables declined with each 511 
subsequent month to a low in October of -0.206 ± 0.020m (Figure 8). The third most important 512 
factor was Year. Given the fact that the data only covered four years, it would not be possible 513 
to assess any trend in the depth to the water table. The depth to the water table was significantly 514 
lower in 2015 compared with 2014 and 2017 but the other years were not significantly different 515 
from each other. The observed drawdown in water tables during 2015 was particularly evident 516 
during July to September.  517 
 518 
3.6.  Calibration 519 
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For the central peat square site there were 70 occasions when there was an LST and an air 520 
measurement and the best-fit regression equation was: 521 
 522 
𝑇𝑎𝑖𝑟 = 0.97𝑇𝐿𝑆𝑇 n = 70, r
2 = 0.93   (iv) 523 
 (0.03) 524 
 525 
Where: Tair = the air temperature at breast height (
oC); and TLST = land surface temperature as 526 
observed by MODIS (oC). The value in the bracket below the equation is the standard error in 527 
coefficient. Note that given the uncertainty in the coefficient term of Equation (iv) then the 528 
gradient of Equation (iv) is not significantly different from unity. 529 
 For the non-peat square location there were 64 occasions when there was an LST 530 
observation and an air measurement, the best-fit equation was: 531 
 532 
𝑇𝑎𝑖𝑟 = 0.91𝑇𝐿𝑆𝑇 n = 64, r
2 = 0.91   (v) 533 
 (0.04) 534 
 535 
Equation (v) is significantly different from unity but not significantly different from Equation 536 
(y) and therefore there is no statistical difference between the air temperature to LST 537 
measurement across the two current land uses for this study site. However, it is reasonable to 538 
conclude that LST slightly overestimates air temperature. Gallo et al. (2011) measured the 539 
relationship between LST and air temperature at 2 m height at 14 sites across the USA in both 540 
clear and cloudy sky conditions and found statistically significant linear relationships at all 14 541 
locations and found Y-intercepts between 0.57 and 6.26 and gradients 0.95 and 1.25. Any 542 
scatter in Equations (iv) and (v) could be due to changes in emissivity caused by a number of 543 




4. Discussion 546 
This study has been able to show there was a statistically significant change in the LST across 547 
a landscape that parallels the restoration of a peatland. A priori this study has proposed that 548 
peatlands would be cool, humid islands in a landscape and that this could be ascribed to their 549 
relatively high water table leading to a greater proportion of the net radiation transferred to 550 
latent heat as opposed to sensible heat, i.e. a lowering of the Bowen ratio. However, for a 551 
peatland being restored, the raising of water tables to change the Bowen ratio is only one 552 
possible mechanism by which restoring peatlands could significantly alter the local climate. 553 
Bonan (2008) proposed that land cover could influence surface climate through changes in 554 
Bowen ratio, surface roughness or albedo. Indeed, in this study considerable changes in open 555 
water, bare soil and vegetation have been shown for the peatlands. With respect to changes in 556 
Bowen ratio over the course of the study we have proposed that raising water tables will 557 
increase the latent heat flux and lead to a lowering of the Bowen ratio (Equation (ii)). There 558 
are, however, no water table data for the Moors prior to restoration, but, peat extraction could 559 
not have occurred with water tables at the current levels and so water tables may have risen.  560 
Equally, since 2002 the area of open water increased from 1.4 km2 to 6.7 km2 in 2013 but 561 
declining to 3.7 km2 by 2017. However, the increase in area of open water was largest on the 562 
Thorne Moors rather on the Hatfield Moors where the more extensive, in area and magnitude, 563 
temperature changes occurred. Petrone et al. (2004) examined the impact of restoration of a 564 
peatland from a bare, milled surface to revegetated upon the surface energy budget of the peat. 565 
In the case reported by Petrone et al. (2004), a mulch used for restoration acted to increase the 566 
surface peat temperature but also demonstrated that evaporation was between 13 and 18% 567 
lower on the mulched, restored peatland compared to the unrestored, bare peat site. Worrall et 568 
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al. (2015) showed that while latent heat and soil heat flux increased with a raising of the water 569 
table in a fully-vegetated peatland the sensible heat flux decreased as water tables rose. 570 
 In addition, the restoration of peatlands will bring about changes in albedo as in these 571 
Moors there is a decline in the area of bare peat. Pre-restoration the milled surface of the peat 572 
would have very dark surface with no canopy to shade it and it would be dry. Gascoin et al 573 
(2009) showed that on a bare soil (although not a peat) the albedo was 0.26 when wet and 0.16 574 
when dry, the opposite result to that reported by Idso et al. (1975) of 0.30 when dry (0% 575 
volumetric water content) to 0.14 when wet (32% volumetric water content). This study has 576 
seen that the albedo increases with rewetting of the peat surface but then the surface of the peat 577 
will become vegetated. Thompson et al. (2015) considered the effect of burning of forested 578 
boreal peatlands on albedo and radiation balance where conifer cover was replaced by shrub 579 
cover as a result of burning and in the snow free periods the albedo was 0.12. Lohila et al. 580 
(2010) found values of summer-time albedo for vegetated, intact peatlands in Finland of 581 
between 0.11 and 0.14.  This suggests that after restoration, within the context of the Thorne 582 
and Hatfield Moors, albedo would have declined upon restoration as surface soils wetted up 583 
and revegetated with shrubs. A decline in albedo would mean an increase in net radiation with 584 
respect to the atmosphere and so more energy entering the peatland ecosystem that has to be 585 
redistributed. Indeed, Figure 6 suggests that, although a calibrated measure of albedo was not 586 
available, the albedo of the peat squares declined relative to the albedo of the non-peat squares. 587 
Alternatively, Hemes et al. (2018) showed that albedo was higher on wetland sites in 588 
comparison to neighbouring alfafa fields but that sensible heat flux was lower during the day 589 
on wetlands and latent heat flux was higher at night-time on wetlands soils compared to 590 
agricultural land. But, the sites that were studied by Hemes et al. (2018) had no change in the 591 
proportion of bare soil as both were vegetated. 592 
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 There is less evidence available for magnitude or variation of the surface roughness and 593 
correspondingly in surface resistance over peatlands of varying types. Kellner (2001) found 594 
that the most important control on the surface resistance was vapour pressure deficit rather than 595 
water table or vegetation properties – average for a vegetated peat surface was 160 s/m. The 596 
Lohammar equation predicts that the surface resistance is inversely related to the leaf area 597 
index (Lohammar et al., 1980). Therefore, for a peatland that is revegetating, such as in this 598 
case, it would be expected that surface resistance would decrease over the period and so 599 
increasing the sensible heat flux. Further, Van de Greind and Owe (1994) found that surface 600 
resistance of bare soil rose by 3 orders of magnitude between wet (field capacity) and dry 601 
conditions. Peichl et al. (2013) confirmed that the surface resistance was controlled by vapour 602 
pressure deficit over a boreal mire but there was an approximate threefold increase in surface 603 
resistance with a drop in the water table from the surface to 25 cm depth. Therefore, going from 604 
a bare peat soil to a wet vegetated surface would decrease the surface resistance as LAI 605 
increases and water tables rise nearer the surface. A decrease in surface resistance would lead 606 
to an increase in evaporation and thus an increase in cooling of the peatland.  607 
Lee et al. (2011) proposed a method for mathematically separating the effects of surface 608 
roughness, Bowen ratio and albedo upon surface temperature impacted by land use change and 609 
such methods have been updated in a number of ways by subsequent studies (eg. Zhao et al., 610 
2014; Chen and Dimeyer, 2016; Rigden and Li, 2017). These methods retain a number of 611 
assumptions that would make them unusable here but could be the focus of future modelling 612 
and monitoring studies. 613 
 Although MODIS has been used before to analyse land use (e.g. Li et al., 2015) or land 614 
use change (e.g. Luyssaert et al., 2014), there was a lack of statistical design and verification 615 
which must limit the findings of such studies. Furthermore, this study did not rely on the use 616 
of a space-for-time substitution to understand the impact of change. For example, Chen and 617 
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Dirmeyer (2016) used 8 pairs of eddy covariance towers to examine the impact of land cover 618 
and land use change (in actuality just deforestation was considered), but of these 8 pairs none 619 
had actually had undergone the land use change during the period of the study; no statistical 620 
comparison was made between the 8 pairs; and although the nearest pair were 0.69 km apart 621 
the furthest pair were 33.84 km apart. 622 
 It is difficult to understand the impact of the relative changes that restoration would 623 
have brought about between changes in Bowen ratio, albedo or surface roughness; all we can 624 
say is that the overall result was a significant decrease in daytime land surface temperature. 625 
However, the hypothesis of this study has only be partially met. Our prediction was that 626 
restoration of peatland would lead to cooling of the local environment and this was observed, 627 
but we also predicted that upon return to being a functioning peatland the peatland would be 628 
cooler than the surrounding landscape. Although a cooling trend has been observed for the 629 
study peatlands in only one year (2016) was the peatlands observed to be cooler than the 630 
surrounding land. The fact that the peatland has been cooler only once during the study period 631 
either means that the hypothesis of peats being a cool “island” in the landscape is not true or 632 
that the peatlands of this study have yet to return to being a full functioning peatland. 633 
 634 
5. Conclusions 635 
This study has shown that daytime surface temperatures over a restoring peatland significantly 636 
decreased relative to the surrounding arable farmland. Prior to peatland restoration, the annual 637 
average daytime temperature over the peat soils was 0.7 K significantly warmer than the 638 
surrounding farmland on non-peat soils and were significantly warmer until 2004 when 639 
restoration started and after 2005 the peatland was never again significantly warmer than the 640 
surrounding mineral soils. However, in only one year of the study (2016, 12 years after 641 
restoration) was the peatland significantly cooler than the surrounding farmland on mineral 642 
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soils and even after restoration the peatland was warmer than the surrounding farmlands on 643 
50% of observations over the year. Of the 49 one-km2 grid squares, six showed a significant 644 
change in daytime land surface temperature over the 18 years of the study, 5 of which were on 645 
peat soils and only one was on a mineral soil but that was adjacent to and downwind of the 646 
peatlands. For the five squares on peatland, the significant decline in temperature was 2 K over 647 
the 18 years of the study, while for the one grid square on agricultural non-peat soil that showed 648 
a significant decrease over the course of the study period was 1.3 K. The 1 km2 grid squares 649 
that showed the significant changes were on the downwind side of the peatlands. Given the 650 
extensive revegetation from bare soil and the raising of the water tables on the peatlands as part 651 
of restoration, it is not possible to ascribe the reason for the temperature change observed. 652 
Future research should focus on the understanding the controls on the components of the 653 
surface energy partition in peatlands 654 
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P Proportion of variance explained 
(w2) 
Year 0.00 9.7 
Peat 0.00 0.2 
Day 0.00 64.5 
Moor 0.00 1.9 
Year*Peat 0.00 0.2 
Year*Moor 0.00 0.2 
Peat*Day 0.00 0.9 
Peat*Moor 0.00 0.3 
Day*Moor 0.00 1.2 
Year*Peat*Moor 0.04 0.1 
Residual  19.5 
 881 




Figure 1. The location of the Thorne and Hatfield Moors. The point of -1.0° W and 53.5° N 884 
has been included. 885 
 886 
Figure 2. The location of grid squares used within this study with respect to the Thorne and 887 
Hatfield Moors with respect to Host classification of peat soils and the boundary of the current 888 
national nature reserve of the Thorne and Hatfield Moors.  889 
 890 
Figure 3. The least mean squares (annual average daytime land surface temperature) for the 891 
interaction between Peat and Year factors, i.e. between the peat (peatland) and non-peat squares 892 
(Arable land) over the years of the study. The error bars are given as the 95% confidence 893 
interval. The start of restoration on the study sites has been indicated by a dotted line. 894 
 895 
Figure 4. The trend in the least mean squares values of the Squares and Year interaction term, 896 
within the grid squares over the Thorne and Hatfield Moors. 897 
 898 
Figure 5. The least mean squares (average daytime land surface temperature) for the interaction 899 
between Peat, Restoration and Day factors, i.e. between the peat (peatland) and non-peat 900 
squares (Arable land) over the course of the year. The error bar, 95% confidence interval, are 901 
within the size of the datapoint. a) Peat and Day factors pre-restoration; and b) Peat and Day 902 
factors post-restoration. 903 
 904 
Figure 6. The main effects of the ratio of the visible band reflectance (taken as albedo ()) on 905 
the non-peat squares to that on the peat squares over the annual cycle for the two years 2001 906 




Figure 7. Change in land management from the habitat surveys of 2002, 2013 and 2017. 909 
 910 
Figure 8. The main effects of the depth to water table (depth below peat surface) for the Month 911 
factor. Error bar is given as the 95% confidence interval. 912 
 913 
 914 
 915 
